The performance as reinforcement of a fibrillar protein such as feather keratin fiber over a biopolymeric matrix composed of polysaccharides was evaluated in this paper. Three different kinds of keratin reinforcement were used: short and long biofibers and rachis particles. These were added separately at 5, 10, 15 and 20 wt% to the chitosan-starch matrix and the composites were processed by a casting/solvent evaporation method. The morphological characteristics, mechanical and thermal properties of the matrix and composites were studied by scanning electron microscopy, thermogravimetric analysis, differential scanning calorimetry and dynamic mechanical analysis. The thermal results indicated that the addition of keratin enhanced the thermal stability of the composites compared to pure matrix. This was corroborated with dynamic mechanical analysis as the results revealed that the storage modulus of the composites increased with respect to the pure matrix. The morphology, evaluated by scanning electron microscopy, indicated a uniform dispersion of keratin in the chitosan-starch matrix as a result of good compatibility between these biopolymers, also corroborated by FTIR. These results demonstrate that chicken feathers can be useful to obtain novel keratin reinforcements and develop new green composites providing better properties, than the original biopolymer matrix.
Introduction
Important efforts to protect the environment are focused on finding alternatives to replace synthetic materials, with a growing array of natural materials. The number of research works aiming to develop polymers or composites with natural materials is constantly increasing; one way to accomplish this is by combining the properties of different materials taking advantage of the biopolymer's characteristics [1] [2] [3] .
The development of new materials using natural fibers has become an area of great interest, mainly due to the importance of improved materials that can be used in everyday life. Thus, polymers reinforced with natural fibers, have attracted attention among scientists in recent years, due to the need for developing friendly environmental materials that could replace, totally or partially, the currently used materials.
Thus, around the world many scientists have focused their research on using materials from nature. Specifically in the case of composites and films, the use of biopolymers has emerged as an interesting alternative. A clear example is the use of cellulose obtained from plants that has been investigated for several decades [4] . Tang et al., [5] distinguished two kinds of biopolymers: those that come from living organisms and those which need to be polymerized but come from renewable resources and are biodegradable. Taking into account this classification, the first group includes polysaccharide (chitosan, starch, cellulose, among others) and protein (gelatin, collagen, keratin, etc.); the second one is well represented by polylactic acid. In this article three biopolymers from the first group have been combined synergically for the first time to obtain a green composite: chitosan-starch as matrix and keratin biofibers as reinforcement.
Chitosan is composed of β-(1,4)-2-amino-2-deoxy-D-glucose, a deacetylated product of chitin obtained from crustacean wastes. Chitosan has been extensively studied due to its biocompatibility and biodegradability and because of that, it has been used in biomedical and cosmetic applications. In addition this renewable biopolymer has important potential as a packaging polymer due to its ability to form films. Recently several developments involving chitosan and nanostructures were published [6] [7] [8] , increasing the potential applications of this polysaccharide.
On the other hand, starch has been studied for several decades due to its availability, biodegradability and lower cost. Starch is composed of linear amylose and branched amylopectin, and is considered the main form of stored carbohydrates in plants such as rice, potatoes or corn. Starch can show a thermoplastic behavior if water, glycerol or sorbitol is added as plasticizer. In spite of its many advantages, starch based materials have severe disadvantages due to poor processability, weak mechanical properties, poor long-term stability and high water sensitivity [5, 9] .
These polysaccharides have been studied combined with synthetic or natural polymers: starch-polyethylene [10] , starch-henequen and starch-coconut [11] , starch-poly(lactic acid), polyhydroxyester ether, or poly(hydroxybutyrate-co-valerate) [12] , poly(vinyl alcohol)-chitosan [13] , chitosan-poly(lactic acid) [14] as well as starch-chitosan [6, 15, 16] .
The third biopolymer involved in this research is keratin, a fibrillar protein, found in hair, nails, horn, wool and feathers. Human hair and wool have been amply studied due to textile and medical importance; however feather keratin has not been fully exploited. The basic structure of chicken feathers is composed of a main shaft called rachis, side branches known as barbs and extending from them the barbules. Feather keratin is distinguished by a hierarchical structure, with a highly ordered conformation, the product of large birds' evolution, in fact it is considered as a biological fiber-reinforced composite consisting of a high modulus fiber and a lower modulus viscoelastic matrix. Keratin fibers from feathers are non-abrasive, eco-friendly, biodegradable, renewable, insoluble in organic solvents, and also have good mechanical properties, low density, hydrophobic behavior, ability to dampen sound, warmth retention and finally low cost. These characteristics make keratin fibers from chicken feathers a suitable material to be used as a high structural reinforcement in polymer composites [1, 17, 18] .
During the last decade, an increasing amount of research has been published involving keratin fibers from chicken feather with synthetic polymers, such as grafting with polymethylmethacrylate [19, 20] and polyhydroxyethylmethacrylate [21] ; composites with polyethylene [22, 23] , polypropylene [24] [25] [26] , polymethylmethacrylate [27] , polyurethane [28] and phenol-formaldehyde [29] , among others [18] , however there are only few related to keratin fibers and biopolymers [30, 31] .
In this paper, the main goal is focused on taking advantage of keratin from chicken feathers, exploiting their properties as a reinforcement in order to develop new green composites with a natural polymer matrix. They are also characterized to observe their morphological structure, thermal and mechanical behavior. Therefore the biopolymers have been studied as an available alternative, with the outstanding advantage of sustainable and environmental friendly character.
Experimental Section

Materials
Chitosan (85% deacetylated) was obtained from Sigma Aldrich. Potato starch was purchased from National Starch, Co. (Hammond, IN, USA) . Sorbitol was acquired from Golden Bell Reactivos, acetic acid was obtained from J.T. Baker and chicken feathers were supplied by Pilgrim's Pride Company (Querétaro, México).
Preparation of Keratin Biofibers and Ground Rachis
Feathers, as obtained from Pilgrims´s Pride, were washed with water and ethanol and dried in order to be clean white, sanitized and odor free. Then keratin biofibers were obtained according to a patented process by Schmidt [32] , these are called long biofibers (LB). On the other hand, short biofibers and ground rachis were prepared by cutting manually barbs and barbules (SB) from quill (GQ); once separated, each raw material was finely ground in a hammer mill (Pulvex, model 200, sieve 4 mm).
Composite Preparation
Chitosan solution was prepared by dispersing 0.2 g of chitosan in 100 mL of acetic acid solution (1%, v/v) and stirred. On the other hand, potato starch solution was prepared by mixing 3.8 g of starch in 100 mL of water and adding sorbitol as a plasticizer (1%, v/v), this solution was heated beyond its gelatinization point (90 °C) for 10 minutes, after it was stirred and cooled to 25 °C [15] . A series of chitosan-starch composite films were prepared by mixing 100 mL of chitosan solution with 100 mL of starch solution (5:95 chitosan:starch). Short and long keratin biofibers and ground rachis were added at 5%, 10%, 15% and 20% (w/w). The mixture was stirred for 20 minutes at room temperature. The resulting mixture was poured into poly(tetrafluoro ethylene) dishes to finish gel formation and later it was cooled at room temperature. Table 1 shows the corresponding concentrations and nomenclature used in the synthesis and characterization of composites. ChS-LB20 ChS-SB20 ChS-GQ20
Characterization Methods
Thermogravimetric analyses (TGA) were carried out by TA Instruments SDT 2960 under a nitrogen atmosphere and covering 30-600 °C by a heat rate of 5 °C/min. Dynamical-mechanical analysis (DMA) was performed on a TA Instruments DMA 2980 equipment, operating in dual cantilever bending mode at 1 Hz in frequency, the samples were tested between 30-300 °C.
Differential scanning calorimetry (DSC) was conducted in a TA Instruments model Q200, samples were heated at a rate of 10 °C/min from 15-400 °C. Two samples of each composite were analyzed for thermal and thermomechanical characterization. The morphology of the composites was observed by scanning electron microscopy (SEM) using a JSM-6060LV JEOL microscope at an accelerating voltage of 20 kV. Samples of all composites were fractured using an Adamel Lhomargy DY.22 universal testing machine, to observe by SEM the behavior of the reinforcement and matrix. Fractured samples were mounted on metal stubs and were vacuum-coated with gold at 7 × 10 −2 mB using argon in a sputter coater EMS 550. The Fourier transform infrared (FTIR) spectra of the films were recorded using an attenuated total refraction (ATR) method in a FTIR spectrometer (Bruker, Tensor 37) with a spectral resolution of 0.6 cm 
Results and Discussion
Fiber Dispersion and Physical Appearance of Composites
Composites reinforced with short biofibers are shown in Figure 1 ; it is possible to see that the biofibers are well dispersed, since they do not show agglomerates or separated phases, and the biofibers are contained in the entire matrix, this is apparent by the homogenous distribution. In addition the appropriate integration of chitosan and starch is demonstrated by a uniform color in the matrix. Figure 2 shows the composites reinforced with ground rachis; it is possible to observe also that in these composites a good distribution of reinforcement was achieved. In both cases the suitable dispersion is due to the polysaccharide matrix and keratin which has a high degree of compatibility, besides the size of the reinforcements enables good embedding without fiber entanglements or rachis agglomerates.
In contrast, long biofiber composites, shown in Figure 3 , exhibited a saturation appearance and fiber cumuli are more evident as the reinforcement percentage increases, mainly due to the length of the fiber which is not conducive to being completely wetted by the matrix. 
Morphology of Composites Studied by Scanning Electron Microscopy
Surface morphology of chitosan-starch/keratin reinforced composites was studied by SEM. Micrographs of fractured surfaces of ChS-SB05 composite are shown in Figure 4 ; here it is possible to observe that short fibers and polysaccharides have an appreciable interaction, since matrix is adhered to the fiber surface. Also, the matrix appears with striations and deformations around the fiber; this is evidence of the strength transmitted between fiber and matrix. In addition some fibers' extremities are cracked very close to the matrix, showing good adherence [22, 27] . Only a few voids are located in the surface caused by slips of fibers, but in general good dispersion and evident fiber-polymer interactions were noticed.
Figure 4.
Scanning electron microscopy (SEM) micrographs of fractured surfaces of chitosan-starch composites reinforced with 5% of short keratin fiber (ChS-SB05). Figure 5 shows SEM images of ChS-LB05 composites, these micrographs reveal the presence of zones with a high quantity of fibers, the majority appear oriented to the load direction. In contrast to the above composite, long fibers are close together and they are not well dispersed, forming bundles that could cause certain weak sites. In spite of these bundles, some fibers play an important role in supporting load, as is evidenced by the fracture of single fibers close to the surface of the matrix. Ground quill particles are very compatible with the matrix, as is demonstrated in Figure 6 . These micrographs correspond to ChS-GQ05 composite. The images show good reinforcement dispersion, without appreciable voids, since no shift is observed. Quill is totally disrupted as a result of the load applied, and therefore an adequate interface is presumed. Figure 6 . SEM micrographs of fractured surfaces of chitosan-starch composites reinforced with 5% of ground quill reinforcement (ChS-GQ05).
Thermogravimetrical Analysis
TGA results of chitosan-starch/short keratin biofiber (ChS-SB) composites are shown in Figure 7 . The thermal behavior observed for these composites can be described in three main steps: the first mass loss (7%) from 30-135 °C is due to the loss of bound-water. The second step is from 220-360 °C, with mass decreasing from 8%-76%, this is associated with a complex process that includes dehydration of the saccharide rings, depolymerization and decomposition of the chitosan units [15, 33] . The third step occurred from 450-600 °C with the greatest weight loss corresponding to complete degradation of the polymer [6, 15, 33] . The thermal behavior of the composites does not change significantly when keratin biofibers are included as reinforcement, the behavior of the thermal decomposition remains almost unaltered for all the composites when compared to the chitosan-starch curve (ChS). It can be seen that the composite with 5% of keratin reinforcement has the highest weight loss (96.6%) and in contrast the composite with 15% shows the lowest weight loss (84.5%); however this effect is related to the inherent variations of natural materials and not to the percentages shown. The TGA curve for short keratin biofiber has a typical performance for keratinous materials: a first loss from 25 °C to around 55 °C due to loss of water, after the process corresponding to denaturation of the helix structure, as well as thermal pyrolysis of the chain linkages, peptide bridges and main skeletal degradation [17, 34] . As is observed, the behavior of these thermogravimetric curves is very similar to the above composites reinforced with short keratin biofibers. Basically the difference is observed in the third stage of decomposition (around 450-600 °C), where all the composites are benefited by keratin presence, since at 600 °C the highest loss mass is for matrix. In addition in the range from 325-475 °C, both 10% and 20% of reinforcement show better stability than that shown by matrix, with 5% and 15% of reinforced composites. Again typical behavior is observed for long keratin biofibers. TGA curves of the composites chitosan-starch/ground quill (ChS-GQ) are shown in Figure 9 . The initial weight loss (7%) occurs from 40-150 °C and is caused by evaporation of water, while the second range (200-360 °C) with a weight loss of 10%-75% corresponds to a complex process including the dehydration of the saccharide rings, depolymerization, and decomposition of acetylated and deacetylated units of chitosan [6, 15, 33] . Also, this stage is associated with the destruction of disulfide bonds and the elimination of H 2 S originating from amino acid cysteine in keratin [17, 34] .
It is possible to observe that ground quill slightly improved the thermal behavior of composites, since the weight loss decreased as reinforcement was increased, thus the material with the least weight loss is the composite with 20% of quill reinforcement. Figure 10 shows DSC curves for ChS-SB composites. The endothermic peak around 80-96 °C in the first run corresponds to the evaporation of water and appeared in all the composite samples [15] . The next endothermic peak around 200 °C can be assigned to the crystalline melting temperature found in keratin [35] . The peak at 300 °C is related to keratin, specifically with the destruction of disulfide bonds and the denaturation of the helix structure [17] . Also it could be ascribed to total biopolymer decomposition [15, 33] . These results show a decomposition temperature for ChS-SB composites around 290-330 °C, a temperature range that agrees with the highest weight loss observed in TGA. DSC results for ChS-LB composites are shown in Figure 11 . These curves show a similar behavior with respect to ChS-SB composites. The initial endothermic peak is approximately at 90-100 °C, associated with loss of water. The second range, around 200 °C, corresponds to the crystalline melting temperature of keratin, whereas the third range from 290-330 °C can be assigned to thermal changes in chitosan, such as dehydration of saccharide rings, decomposition of acetylated and deacetylated units, and also to thermal degradation of keratin with disruption of disulfide bonds and denaturation of helical structures [15, 17, 33] . As is observed for all composite DSC curves, thermal behavior is affected by keratin fibers and quill presence, since keratin undergoes different reactions caused by the thermally sensitive behavior of amino acids. Figure 12 . DSC curves for composites (ChS-GQ), with 5%-20% of quill included.
Differential Scanning Calorimetry
Dynamical Mechanical Analysis
The viscoelastic behavior of composites is studied by dynamical mechanical analysis, obtaining a complex modulus (E*), formed by a storage modulus (E') which represents solid-like (elastic) response and loss modulus (E") related to the liquid-like (viscous flow) characteristic. Taking into account this definition, Brostow et al. linked the concept of brittleness to the storage modulus, and according to their affirmation a material with high E' will not be brittle [36, 37] . Therefore as is observed in the following results keratin reinforcement decreases brittleness in composites, since for all composites E' is higher than the value for the biopolymeric matrix.
The storage modulus (E') for the ChS-SB composites is depicted in Figure 13 . As can be observed, the composite with 5% of reinforcement shows an increased value for E' at 35 °C, reaching 1142 MPa, which means a 763% higher value than the biopolymeric matrix whose E' is 133 MPa. In fact all the composites have a better performance than matrix alone. This behavior is due to the achieved transference of strength from the fiber to the matrix; this is a consequence of adequate interface and dispersion. In spite of these outstanding results, the other composites do not reach so high a performance in E'; for ChS-SB20 the value of E' at 35 °C is 659 MPa, for ChS-SB10 it is 575 MPa and for ChS-SB15 it is 428 MPa. This is caused by the fiber dispersion and non-homogeneity of the natural fibers. Figure 14 shows the storage modulus (E') for ChS-LB composites. It is possible to observe that these composites do not have a clear tendency with respect to the quantity of reinforcement used. For example, composite with 5% (ChS-LB05) has an E' value of 582 MPa, with 10% (ChS-LB10) only 295 MPa were reached, whereas 475 and 414 MPa were measured for 15% and 20% respectively. In all cases the chitosan-starch matrix (E' = 133 MPa) was surpassed, from the initial temperature and over the test range temperature. The storage moduli for ChS-GQ composites are shown in Figure 15 . These composites have higher E' values than the chitosan-starch matrix and present certain trends with respect to quantity of reinforcement. E' at 35 °C for matrix was 133 MPa, which was increased to 241, 380 and 527 MPa for ground quill reinforced composites with 5%, 10% and 15% respectively. This beneficial tendency is due to the quill particles having high compatibility with matrix, causing good dispersion and interface. However, an excess in reinforcement causes a slight decrease, since composite with 20% only reaches 256 MPa, probably because the matrix is not enough to cover and wet the quill particles completely.
One interesting fact observed in Figures 13-15 is the behavior of composites at higher temperatures. All reinforced composites show a gradual recovery in E' after 80 °C, reaching new maximum values and dropping slowly, whereas E' for matrix decreases constantly until arriving at 0 MPa. This performance was apparent in all composites, and can be attributed to keratin materials that promote intermolecular interactions, reinforcing strongly the thermo mechanical characteristics of the chitosan-starch matrix. Damping or tan δ represents the ratio between loss modulus and storage modulus, it depends on the fiber and matrix adhesion, in addition the glass transition temperature (T g ) can be deduced from the tan δ peak [38] . This parameter was evaluated for all composites, the corresponding curves for ChS-SB composites are depicted in Figure 16 . There, it is possible to observe that our chitosan-starch matrix has a T g value in the region near to 126 °C, whereas for ChS-SB composites the values are in the region close to: 164 °C for 5%, 159 °C for 10%, 152 °C for 15% and 166 °C for 20%. This thermal transition peak was shifted to higher temperatures, and at the same time, its intensity was enhanced as the biofiber content was increased. This shift toward higher temperatures can be related to the decreasing mobility of the polymer chain, as a consequence of interaction between fiber and matrix [39] . Reinforcement with long keratin biofibers has also a strong influence on the T g of ChS-LB composites, as can be appreciated in Figure 17 . The T g of the chitosan-matrix was in the region of around 126 °C, while with 5% of reinforcement it was close to 164 °C, with 10% T g it was increased and appears near to 170 °C, with 15% it was close to 166 °C and with 20% it was adjacent to 185 °C. This change, associated with decreasing mobility of the polymer chain, indicates that long biofibers were able to affect the segmental motions of the biopolymers chains in the chitosan-starch films. Finally, in Figure 18 it is possible to observe the changes produced by reinforcing with ground quill. ChS-GQ composites have higher T g values, reaching the region around 159 °C with 5%, close to 178 °C with 10%, in the vicinity of 196 °C with 15% and near 195 °C with 20%. The presence of keratin reinforcement in all cases shows an increase in T g value, the hydrophobic behavior of keratin fibers [17] produces a decrease in moisture content, thereby reducing the internal friction. Thermal transitions of thermoplastic starch depend on the plasticizer content, the humidity conditions as well as the composition of starch and chitosan [39] . In the same sense chitosan-starch reinforced with keratin biofibers depends on similar parameters. 
Fourier Transform Infrared Analysis
FTIR analysis was used to verify the interactions between chitosan, starch and keratin in the composites. Figure 19 shows two regions in the FTIR spectra of chitosan-starch films, keratin and the composites synthesized with 20% (according to Table 1 ). Figure 19A shows the region from 4000-2500 cm −1 . In this zone the spectrum related with chitosan starch film a) shows the band at 3400 cm −1 assigned to the hydrogen-bonded hydroxyl groups due to the presence of starch [40] . In the spectrum e) (keratin sample), the main vibrations attributed to the keratin structure were identified in the region around 3300 cm . Figure 19B shows the FTIR spectra of chitosan-starch films, keratin and the composites synthesized with 20% (according to Table 1) in the zone from 1800-700 cm −1 . In this region the main peaks related to chitosan starch films (spectrum a) are detected, the peaks at 700-770 cm −1 correspond to the saccharide structure [11] , and the three characteristic peaks between 995-1150 cm
are attributed to C-O bond stretching [40] [41] [42] . These peaks are used as references in the composite films, because these bands appear at the same wavenumber than the peaks found in the chitosan-starch spectrum. However, a clear shoulder is found at 1020 cm −1 in the spectra of short and large fibers of keratin. This band has been found to be sensitive to interactions of C-O-C in chitosan starch films with hydrogen bonds [41, 43] . Results are related to the thermo mechanical properties and the morphological features of the composite, as a better storage modulus is reached in the composites with short and large fibers than the composite with ground quill. Also better distribution is obtained in these composites.
In the same Figure 19B , the main bands related to keratin are also observed, the band at 1630 cm is related to bending of the CH 3 group [1, 17, 19] . It is possible to observe that these peaks are found in the composite films, but only slight changes are found in the ground quill composite. It is possible that due to the grind, the quill undergoes certain changes in its structure and these bands are sensitive to keratin arrangements in the feathers [17] . Keratin materials stay without detectable changes in the composites.
Conclusions
Keratin reinforcements, as quill or biofibers, have good compatibility with chitosan-starch matrix, and therefore produce strong interactions that are reflected in the excellent thermal and thermomechanical analyses. The storage modulus of all composites is significantly higher than the chitosan-starch matrix as a result of keratin reinforcement. Thus, the contributions to the matrix properties were found in this order: SB > LB > GQ, from the highest to the lowest. TGA analysis reveals also better thermal stability of composites with respect to the matrix. DSC studies showed changes in endothermic peaks corresponding to water evaporation in all the composites; it is also possible to observe the influence of the crystalline melting temperature of keratin and its decomposition signal. The images of composites and the SEM micrographs show the good distribution of fibers achieved, as well as noted interactions next to the interface. In the FTIR spectra some possible interactions are detected in the C-O bonds. It is worthy of mention that these interactions were accomplished without any superficial treatment to the fiber, that is without any coupling agent. The promising results shown by these materials enable continuity of this research line and as a consequence additional exploration of biodegradation performance and different semi-industrial processes is actually underway, in order to take into account the excellent characteristics of both natural components: matrix and reinforcement. These results are the first study published that incorporates keratin biofibers in a natural matrix composed of chitosan and starch, which is itself an important contribution to eco-composites supported by natural resources.
